Characterization of anisotropy of sheet metals employing inhomogeneous strain fields for Yld2000-2D yield function  by Güner, A. et al.
International Journal of Solids and Structures 49 (2012) 3517–3527Contents lists available at SciVerse ScienceDirect
International Journal of Solids and Structures
journal homepage: www.elsevier .com/locate / i jsols t rCharacterization of anisotropy of sheet metals employing inhomogeneous
strain ﬁelds for Yld2000-2D yield function
A. Güner ⇑, C. Soyarslan, A. Brosius, A.E. Tekkaya
Institute of Forming Technology and Lightweight Construction, TU Dortmund University, Baroper Str. 301, 44227 Dortmund, Germanya r t i c l e i n f o
Article history:
Available online 11 May 2012
Keywords:
Sheet metal
Finite element
Inverse method
Yield locus
Anisotropy
Yld2000-2D0020-7683/$ - see front matter  2012 Elsevier Ltd. A
http://dx.doi.org/10.1016/j.ijsolstr.2012.05.001
⇑ Corresponding author. Tel.: +49 231 755 6917; fa
E-mail address: alper.guener@iul.tu-dortmund.dea b s t r a c t
A method to include the distribution of strains in the identiﬁcation of the planar anisotropy of sheet met-
als is proposed. The method includes the optical measurement of strains on a ﬂat specimen with a vary-
ing cross-section and an inverse parameter identiﬁcation scheme which minimizes the differences
between the numerical simulation results and the experimental measurements by using Levenberg–
Marquardt algorithm. The main advantage is the reduction of the needed number of material tests espe-
cially for complex material models, under the assumption of negligible kinematic hardening. The utilized
specimen geometry covers a deformation state between uniaxial tension and plane strain tension cases.
In order to supply additional information to the inverse scheme, the equi-biaxial stress state obtained
from layer compression test is also included in the deﬁnition of the objective function. The anisotropy
of the sheet is modeled with the Yld2000-2D model which is implemented as a VUMAT subroutine for
ABAQUS-Explicit. Numerical tests point out that the orientation of the specimen deﬁnes the quality of
the found yield loci. The proposed method is applied to characterize the commercial aluminum alloy
AA6016-T4 and the obtained material parameters are used to analyze a deep drawn car hood geometry.
The results show that the use of the strain distribution is a crucial point in identiﬁcation of the planar
anisotropy. The yield loci obtained with the proposed method are in accordance with the conventionally
obtained yield stresses and r-values.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Sheet metals exhibit a certain texture which leads to differences
in the plastic behavior along different loading directions and stress
states. For that reason assumption of isotropy is no longer applicable
in the numerical analyses. Instead the assumption of orthotropic
material behavior is the commonpracticewhich postulates symme-
try along the rolling, transverse and normal directions of the sheet
metal. TheHill’48model (Hill, 1948) is awidely used quadratic yield
criterion, which is utilized especially to model anisotropic steel
sheets. When reduced to planes stress condition the number of
needed material parameters reduces to 3, which can be obtained
by uniaxial tension tests at 0, 45 and 90 to the rolling direction.
Hill (1990) presented an enhanced version of this model in order
take the equi-biaxial stress state into consideration, which is an
improvement aiming accurate modeling of aluminum alloys with
an additional material parameter. Barlat et al. proposed different
sets of yield functions. Yld91 takes the uniaxial yield stress values
at 0, 45 and90, togetherwith theequi-biaxial yield stress asmate-
rial parameters (Barlat et al., 1991). Thismodel is followed by Yld94,ll rights reserved.
x: +49 231 755 2489.
(A. Güner).Yld96 and Yld2000-2D (Barlat et al., 1997a, 1997b, 2003). Among
them Yld2000-2D is widely used and is also implemented in a
number of commercial codes. This is a non-quadratic plane stress
yield function having 8material parameterswhich can be identiﬁed
by the yield stresses and strain ratios in three uniaxial cases, 0, 45
and 90 and one equi-biaxial tension case. Banabic et al. (2003) pro-
posed another model, BBC2000 with 7 material parameters. An
improvement of this model, BBC2005, is proposed by Banabic et al.
(2005, 2008) using the same material tests with Yld2000-2D. The
yield function proposed by Vegter and van den Boogaard (2006)
utilizes quadratic Bezier functions that are ﬁtted to the experimen-
tally obtained strain ratios and stresses at different orientations.
This model requires 17 free material parameters when the experi-
ments are performed at 0, 45 and 90. The consequence of these
complex material models is the need for various test set-ups, such
as uniaxial tensile test, shear test, biaxial tension test, plane strain
tensile test, layer compressions test, etc. (Kuwabara, 2007).
The increasing ﬂexibility and accuracy of the yield conditions
leads to an increase in the number and complexity of the necessary
material tests, which are tried to be kept at feasible levels especially
from the industrial point of view. Most of these tests do not have a
worldwide standard, meaning that each laboratory uses its own
specimen geometry and testing conditions and this makes it
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tutes. A ﬁnal disadvantage of the mentioned variety of tests is the
need for an assumption of homogeneous stress and strain states
in the plastic zone of the specimens, in order to be able to calculate
the material parameters analytically. This assumption fails for
many specimen geometries especially with increasing deformation.
On the other side, the inverse methods enable the usage of unu-
sual test set-ups or even the forming process itself due to their ﬂex-
ibility in the deﬁnition of the objective functions (Unger et al., 2008).
These methods use conventionally experimental measures like tool
forces and tool displacements for optimization (Gelin et al., 1994;
Gelin and Ghouati, 1995). However these integral measures are
not helpful in identifying the planar anisotropy of the sheet metals.
To gain more information on the specimen, optical measurement
devices capable of capturing strain distributions on the specimen
are also employed together with inverse parameter identiﬁcation
(Kajberg and Lindkvist, 2004;Mahnken and Stein, 1997;Meuwissen
et al., 1998; Pottier et al., 2011). There are different approaches to as-
sess this additional information in the characterization framework.
One common approach is the virtual ﬁeldsmethod (VFM)which re-
lies on the virtual work principle. The application of this method to
characterization problemswith cyclic loads at small strains (Pierron
et al., 2010) and extensions to large plastic deformations with
anisotropy (Rossi and Pierron, 2012) reveals that the method is an
effective tool for material characterization. Another common ap-
proach is the ﬁnite element model updating method (FEMU). This
perspective of parameter identiﬁcation is based on kinematic full-
ﬁeldmeasurements, iterative utilization of the ﬁnite elementmeth-
od for the solution of the direct problem and an optimization algo-
rithm for the minimization of the differences between the actual
and computed measures. A complete overview and comparison of
the mentioned approaches is given by Avril et al. (2008).
The present work focuses on the identiﬁcation of the planar
anisotropy of sheet metals utilizing the FEMU approach. A ﬂexible
yield condition, Yld2000-2D is selected and material parameters
are identiﬁed by using the strain ﬁeld measurements on specimens
with a varying cross-section. The relation between the supplied
information to the inverse scheme and the obtained solutions is
studied and the outcomes of this study are tested numerically
and experimentally.
2. Material model and implementation
Assuming a, b, and c as three second order tensors, together
with the Einstein’s summation convention on repeated indices,
c ¼ a  b represents the single contraction product with ½cik ¼
½aij½bjk. d ¼ a : b represents the double contraction product with
d ¼ ½aij½bij where d is a scalar. @tðÞ denotes the material time
derivative.
Let d = sym [l] represent the spatial rate of deformation tensor,
where l ¼ @tF  F1 ¼ @Xv denotes the spatial velocity gradient,
with v ¼ @tx. The kinematics of the current framework relies on
the additive decomposition of the symmetric part of the rotated
rate of deformation tensor, which preserves validity in the context
of metal plasticity due to inﬁnitesimal elastic strains compared to
the larger plastic strains,
D^ ¼ D^e þ D^p; ð1Þ
with D^e and D^p respectively denoting the elastic and plastic rotated
rate of deformation tensors with D^ ¼ Rt  d  R. R denotes the rota-
tional tensor which can be derived from the deformation gradient
using the polar decomposition theorem, F = RU = VR where U
and V respectively denote the right and left stretch tensors. The
Cauchy stress tensor, T, in this corotational form gives
T^ ¼ Rt  T  R; ð2Þwhere a hypoelastic relation @tT^ ¼ Ce : D^e, is assumed with Ce
denoting the elastic constitutive tensor. Due to anisotropy, the yield
function U^p ¼ U^pðT^; qÞ is postulated in the corotational framework.
Let r denote the equivalent stress and r0 denote the initial yield
stress in rolling direction, we start by deﬁning the following generic
form of the yield function where nonlinear isotropic hardening is
taken into account
U^pðT^; qÞ ¼ r ðr0 þ qÞ; ð3Þ
where q ¼ qðaÞ represents the expansion of the yield locus due to
isotropic hardening where a is the isotropic hardening strain like
variable. We select a saturation type dependence which reads
q ¼ Kaþ ðr1  r0Þ 1 expðdaÞð Þ; ð4Þ
where K, r1 and d denote material parameters.
For the anisotropic yield function Yld2000-2D, the equivalent
stress r is deﬁned as a degree one homogeneous function of T^ as
follows
r ¼ 1
2
X 01  X02
 a þ 2X002 þ X 001 a þ 2X 001 þ X002 a 
 1=a
; ð5Þ
where X0i and X
00
i , i ¼ 1; 2; 3; respectively denote the principal values
of tensors X0 ¼ L0  T^ and X00 ¼ L00  T^ where L0 and L00 are deﬁned in
terms of material parameters ai; i ¼ 1; . . . ;8 as proposed by Barlat
et al. (2003). Exponent a reﬂects the polycrystal structure.
Normality postulate and plastic work identity gives the follow-
ing evolutionary equations for D^p and @ta
D^p ¼ _c@T^U^p T^; q
 
; @ta ¼ _c; ð6Þ
where _c denotes the plastic multiplier.
In solution of local integration algorithms in a strain driven nat-
ure of FEM, it is typical to assume that for a typical time step
Dt ¼ tnþ1  tn the solution at tn is known as fT^n; E^pn; ang and the
solution at tnþ1 is sought for fT^nþ1; E^pnþ1; anþ1g. Following integra-
tions are deﬁned in the rotationally neutralized coordinates
DE^nþ1 ¼
Z tþDt
t
D^dt; DE^enþ1 ¼
Z tþDt
t
D^edt; DE^pnþ1 ¼
Z tþDt
t
D^pdt;
ð7Þ
where
E^nþ1 ¼ E^n þ DE^nþ1; E^enþ1 ¼ E^en þ DE^enþ1; E^pnþ1 ¼ E^pn þ DE^pnþ1: ð8Þ
We follow an elastic predictor – plastic corrector type operator split,
where the elastic prediction is carried out assuming the trial values,
where the trial stress and yield surface expansion respectively read:
T^trialnþ1 ¼ T^n þ Ce : DE^nþ1;
qtrialnþ1 ¼ Katrialnþ1 þ r1  r0ð Þ 1 exp datrialnþ1
  
:
)
; ð9Þ
In above atrialnþ1 ¼ an. Within the time step, the elastic or plastic char-
acter of the status is checked by inserting the trial stresses into the
yield function, U^p; trialnþ1 ¼ U^pðT^trialnþ1; qtrialnþ1Þ. Once U^p; trialnþ1 6 0 is satisﬁed,
an elastic state at tnþ1 is deﬁned and the trial values does not re-
quire any correction. Otherwise, plastic ﬂow is due.
During ﬂow, together with an implicit backward Euler integra-
tion and utilizing Dcnþ1 :¼ Dt _cnþ1, with a time dependent form the
return mapping in the residual form becomes
Rpnþ1 ¼ E^pnþ1 þ Epn þ Dcnþ1@T^U^pnþ1;
RUnþ1 ¼ U^pnþ1:
)
; ð10Þ
where U^pnþ1 ¼ U^pðT^nþ1; qnþ1Þ. We recollect this nonlinear equa-
tion set in Rynþ1, where the solution is sought for the unknown vec-
tor ynþ1 using the Newton method
Table 1
Conventionally obtained material parameters of AA6016-T4 (all stresses in MPa).
r0 r45 r90 rb r0 r45 r90 rb r0 r1
112.5 107.4 110.0 115.1 0.85 0.48 0.77 1.00 112.5 223.3
a1 a2 a3 a4 a5 a6 a7 a8 K d
0.979 0.998 0.885 1.008 1.001 0.965 0.953 1.242 308.9 20.1
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Rpnþ1
RUnþ1
( )
and ynþ1 ¼
T^nþ1
Dcnþ1
( )
: ð11Þ
Using DE^p;ðkÞnþ1 ¼ Ce;1 : DT^ðkÞnþ1 linearization of the equation set (9)
and (10) gives
Rp;ðkÞnþ1 þ Ce;1 : DT^ðkÞnþ1 þ DcðkÞnþ1@T^nþ1 r^
ðkÞ
nþ1 : DT^
ðkÞ
nþ1 þ DDcðkÞnþ1r^ðkÞnþ1 ¼ 0;
RU;ðkÞnþ1 þ r^ðkÞnþ1 : DT^ðkÞnþ1 þ @Dcnþ1 U^p;ðkÞnþ1
 
DDcðkÞnþ1 ¼ 0;
9=
;;
ð12Þ
where r^ðkÞnþ1 ¼ @T^U^p;ðkÞnþ1 and using chain rule of differentiation
@DcU^
p;k
nþ1 ¼ q;ðkÞnþ1 with q;ðkÞnþ1 ¼ @aq;ðkÞnþ1 denoting the hardening modu-
lus. DT^ðkÞnþ1 and DDc
ðkÞ
nþ1 denote iterative increments of T^nþ1 and Dcnþ1,
respectively. Using Eq. (12), one can iteratively update the incre-
mental plastic multiplier Dcðkþ1Þnþ1 with
Dcðkþ1Þnþ1 ¼ DcðkÞnþ1 þ DDcðkÞnþ1 ð13Þ
where computation of DDcðkÞnþ1 requires a simple substitution of DT^ðkÞ
from Eq. (12.1)
DT^ðkÞnþ1 ¼ AðkÞnþ1 : Rp;ðkÞnþ1 þ DDcðkÞnþ1r^ðkÞnþ1
 
ð14Þ
to Eq. (12.2)
DDcðkÞnþ1 ¼
RU;ðkÞnþ1  r^ðkÞnþ1 : AðkÞnþ1 : Rp;ðkÞnþ1
r^ðkÞnþ1 : A
ðkÞ
nþ1 : r^
ðkÞ
nþ1 þ q;ðkÞnþ1
ð15Þ
where
AðkÞnþ1 ¼ Ce;1 þ DcðkÞnþ1@T^nþ1 r^
ðkÞ
nþ1
 1
: ð16Þ
For the analytical forms for ﬁrst and second derivatives of the
yield function for plane stress state the reader is referred to Yoon
et al. (2004). Finally, one can compute the updated plastic strains
or equivalently updated stresses using Eq. (14)
T^ðkþ1Þnþ1 ¼ T^ðkÞnþ1 þ DT^ðkÞnþ1: ð17Þ
The iterations will run until kRy;ðkÞnþ1 k 6 TOL. This ends the back-
ward Euler return mapping scheme for the plastic correction which
falls into a general closest point projection type algorithm, see e.g.
Simo and Hughes (1998). Once the converged stresses are carried
out at the rotationally neutralized conﬁguration, a ﬁnal transfor-
mation to the current conﬁguration is required using
Tnþ1 ¼ Rnþ1  T^nþ1  Rtnþ1. This framework is implemented as a VU-
MAT subroutine for ABAQUS-Explicit.
3. Material and the conventional characterization
Throughout this paper the aluminum alloy AA6016-T4 with
1.0 mm thickness is used. This is a heat treatable Al-Mg-Si alloy,
which is especially used for autobody panels because of its good
formability, surface appearance and age hardening character.
The ﬂow curve of the material is obtained by uniaxial tension
tests in rolling direction. During plastic ﬂow, Eqs. (3) and (4) can
collectively be represented by
r ¼ K  aþ r1  ðr1  r0Þ  exp½d  a: ð18Þ
In this equation, r0 and r1 are the initial and stagnation stres-
ses, respectively and the K and d are two material constants.
The conventional characterization of the sheet material for the
Yld2000-2D model requires 3 tensile tests in rolling direction
(0), 45 to the rolling direction (45) and transverse direction
(90), and a test for the equi-biaxial stress state (Barlat et al.,
2003). By each test the yield stresses and the corresponding r-val-
ues are obtained. In this study the equi-biaxial stresses are ob-
tained with a layer compression test. Since the used test set-updoes not allow the measurement of the strains in high strain val-
ues, the rb value is taken to be equal to 1.0. The yield stresses, r-
values, the corresponding Yld2000-2D parameters and the ﬂow
curve constants of AA6016-T4 can be seen in Table 1. As recom-
mended by Barlat et al. (2003) for FCC materials the exponent, a,
of the Yld2000-2D model is taken to be equal to 8.0.
4. Selection of the specimen geometry
The main concern in this study is to capture the deformation
ﬁeld on the sheet specimen and exploit this information for the
characterization of the anisotropy of the material. Therefore the
specimen geometry and the type of the loading are of great impor-
tance in terms of the supplied input for the characterization
scheme. This work focuses on two main aspects of the specimen
geometry:
 The geometry should enable the generation of an inhomoge-
neous deformation ﬁeld which serves as a cloud of information
on yield loci for the parameter identiﬁcation.
 The density of information captured on the specimen with the
optical measurement system should be identical for different
deformation states, rather than favoring a speciﬁc type of
deformation.
For the purpose of obtaining inhomogeneity there exist two
main perspectives in the literature: cutting out holes in the speci-
men and using notched specimens. In the case of holes, the ob-
tained deformation localizes rapidly in the vicinity of the hole
and therefore it is hard to control the deformation in that region.
The abrupt localization can be captured by optical measurement
systems. However this information would be a small portion of
the obtained deformation on the whole specimen and this violates
the second aspect mentioned at the beginning. Therefore specimen
with notches is selected in this study and different specimens with
a varying cross-section are analyzed numerically (Fig. 1). In this
analysis, the largest and the smallest widths, W1 and W2, are kept
constant at 20 and 30 mm, respectively. Three different radius val-
ues are used to analyze the usability of the strain distributions.
These values represent two extreme cases with sharp and mild
notches and a case in between.
Since the main concern here is the analysis of the deformation
distribution, the numerical analyses were performed using von
Mises yield criterion with isotropic hardening in ABAQUS-Explicit.
Due to symmetry, only 1/4 of the specimen is modeled with fully
integrated shell elements having 7 integration points in the thick-
ness direction. In each model the average element size is selected
to be nearly equal to 0.5 mm after a convergence analysis, leading
to approximately 20 elements on the horizontal symmetry axis.
The corresponding number of elements varies from 360 to 650
depending on the geometry.
The tool displacement for each specimen is selected in such a
way that an equivalent plastic strain of 0.20 is obtained at the cen-
ter of the specimen, i.e. intersection of the horizontal and vertical
symmetry axes. Therefore different tool displacements are used
for each specimen. The value 0.20 for equivalent plastic strain rep-
resents a safe value not to exceed the limits of the uniaxial tensile
Fig. 1. Analyzed specimen geometries and the ﬁnite element meshes with varying
notch radii.
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curve extensions is avoided and only the actually measured tensile
ﬂow curves are utilized.
Fig. 2(a) presents the equivalent plastic strain distribution on the
horizontal symmetry axis. The specimen with 5 mm radius exceeds
the set value 0.2 with a value of 0.5 around the notches. Therefore
with this geometry it is hard to set a tool displacement, with respect
to a selected maximum strain not to exceed the ﬂow curve limits. If
the tool displacements are to be set with respect to the maximum
strains around the notches, the values for displacements are too
small and it will be hard to analyze the deformation in different
increments. Therefore the specimen with 5 mm radius is elimi-
nated. The other two geometries have the same amount of strain
hardening on the horizontal symmetry axis although the deforma-
tion state is not completely uniaxial tension. The deformation states
on the specimens can be analyzed in the principal strain space
which is widely used for the forming limit analyses. Fig. 2(b) shows
the position of the ﬁnite elements in the principal strain space at
the same tool displacements used in Fig. 2(a) for the cases with
25 and 40 mm radii. For the purpose of clearness the 5 mm radius
is not shown in the ﬁgure. However, it should be noted that the dif-
ferent deformation states observed on the strain diagram from this
specimen represents a very small portion of the specimen around
the notch and therefore just like the specimens with hole it contra-
dicts to the aspects of this study mentioned before. The specimen
with 40 mm radius shows hardly a deformation gradient. Nearly al-
most all of the elements are in the vicinity of the uniaxial tension
line presented in the ﬁgure. On the other hand, the deformation
state of the specimen with 25 mm radius lies between the uniaxial
tension and plane strain tension states and the distribution does not
favor a certain deformation state. Because of these two reasons the
specimen with 25 mm radius is selected for the rest of the study.Fig. 2. (a) Equivalent plastic strain distribution on the horizontal centerline. (b) PrincipFig. 3 presents the major and minor strains on the specimen
predicted by the ﬁnite element simulations for the material
AA6016-T4 in rolling direction at the maximum tool displacement
of 4 mm with the material parameters listed in Table 1. Again this
tool displacement is set by keeping the strain hardening in the lim-
its of the ﬂow curves obtained by the tensile tests.
When the problem is simulated with von Mises yield condition
for an isotropic case (Fig. 3(a)), the deformation is between uniax-
ial tension and plane strain tension states. The material points on
the vertical symmetry line of the specimen lie directly on the uni-
axial tension line on the strain diagram. The deformation state
changes signiﬁcantly when the material is simulated with
Yld2000-2D material model (Fig. 3(b)). The points are shifted in
the direction of plane strain tension state. This can be visualized
by considering the Lankford‘s coefﬁcients (r-values) of the material
which are all lower than 1.0. In uniaxial tension case the plastic
strain in the thickness direction is larger than the strains in trans-
verse direction. This plastic behavior in uniaxial tension case
shows itself also in this specimen geometry. As compared to the
hypothetical isotropic case, anisotropic material does not ﬂow
much in the width direction. This shifts the strain states on the
specimen closer to the plane strain tension state.
The analysis performed in this section points out three key as-
pects about the used geometry.
(1) The specimen allows different strain states between uniaxial
tension and plane strain tension without losing the control
on the reached highest strain hardening.
(2) The specimen can reﬂect the anisotropy of the tested mate-
rial with the strain distribution on the surface.
(3) At any instance of the test there exist material points with
different strain hardening level, meaning that they lie on dif-
ferent yield loci.
All of these aspects can be captured with an optical strain mea-
surement system. This information will be used to characterize the
anisotropy of the sheet materials. However in terms of the param-
eter identiﬁcation, it is not possible to obtain an analytical closed
form formulation utilizing the experimentally measured local
strains and tool forces. Therefore an inverse methodology is applied
to solve this problem and this will be discussed in the next section.
5. Inverse parameter identiﬁcation scheme
The parameter identiﬁcation scheme in this work is considered
as an optimization problem, in which all of the parameters are
found simultaneously by minimizing an objective function consist-al strain distribution on the specimens with notches having 25 and 40 mm radius.
Fig. 3. Major and minor strain distribution obtained from the ﬁnite element simulations of AA6016-T4 for (a) isotropic and (b) anisotropic cases.
A. Güner et al. / International Journal of Solids and Structures 49 (2012) 3517–3527 3521ing of differences between the numerically computed and experi-
mentally measured values of selected material responses. In this
respect, for each increment of the optimization, ﬁnite element sim-
ulations should be performed with a new set of predicted material
parameters and the results should be compared with the experi-
mental measurements in an automated manner. In this framework
the selection of the objective function, optimization algorithm and
automated comparison of the results are the crucial elements and
will be discussed here.
The main difﬁculty in comparing the results is that the discreti-
zation of the optical measurement results is different than the ﬁnite
element simulations. In other words, the location, dimension and
number of the facets used for the optical measurement do not
match with the ﬁnite elements of the numerical simulations. In or-
der to be able to compare the simulation results with the experi-
ments, simulation results should be obtained at the exact location
of the experimental measurement points. For that reason a param-
etermapping algorithm is constructed, in which the enclosing ﬁnite
element of each experimental measurement point is found accord-
ing to the procedure described by Jayadevan and Narasimhan
(1995) and the local coordinates of the measurement points are
found in these elements. By the help of the shape functions, the no-
dal values are interpolated to the coordinates of the measurement
point. This algorithm is used at each predeﬁned increment of tool
displacement. In the analyses presented in the foregoing sections
4 mm of tool displacement is divided into 8 equal intervals. Hence,
for each 0.5 mm of tool displacement the tool forces and principal
strains are recorded in the experiments. At the same increments
the same responses are also extracted from the simulation results
and for each increment parameter mapping is applied. At the end
of this step, the tool forces and principal strains of the same mate-
rial points are obtained at the same tool displacement increments
from the simulations and the experiment.
For the conventional characterization of the sheets with respect
to Yld2000-2D material model uniaxial tension tests in 0, 45, 90
and a test for the equi-biaxial tension state are needed. In the pre-
vious section it was shown that the deformation obtained from the
specimen lies between the uniaxial tension and plane strain ten-
sion cases. Hence, the region in the vicinity of the equi-biaxial ten-
sion state is not covered by the specimen. For that reason, to enrich
the objective function, the experimentally measured equi-biaxial
stress value is used. In each iteration, the equi-biaxial stress, rb
is calculated analytically with the alpha values predicted by the
optimization algorithm. The difference of this value from the
experimentally measured rb is also added to the deﬁnition of the
objective function. At the end, the objective function, U, consistingof 3 sub-functions having principal strains, forces and rb differ-
ences is deﬁned as follows:
U ¼ UStrain þUForce þUrb ð19Þ
where
UStrain ¼
XnInc:
i¼1
Xnelem
j¼1
esim1;ij  eexp1;ij
 2
þ esim2;ij  eexp2;ij
 2	 

ð20Þ
UForce ¼
XnInc:
i¼1
Fsimi  Fexpi
 2	 

 C1 ð21Þ
Urb ¼ ranalyticalb  rexpb
 2
 C2 ð22Þ
where ninc and nelem are the number of tool displacement incre-
ments and number of elements in the optical measurements
respectively. C1 and C2 are deﬁned as follows:
C1 ¼ U
initial guess
Strain
Uinitial guessForce
and C2 ¼ U
initial guess
Strain
Uinitial guessrb
ð23Þ
In this analysis the relative weighting between strains, forces or
stresses is avoided, meaning that all these variables are equally rel-
evant for the material characterization. For that reason the scaling
factors C1 and C2 in Eq. (23) are used. This scaling is performed in
two steps. First a test run is performed just with the initial guesses
and the contributions of the strains, forces and rb are calculated
once. In this test run there exist orders of magnitude of difference
between these values. Hence, in the second step the values of the
functions of stress and forces are scaled down to the strain contri-
butions by multiplying with a scalar. By this way, in the ﬁrst incre-
ment performed with the initial guesses, the contribution of strains,
forces and rb to the objective function are all equal and the same
scalar values are used throughout the iterations.
Having formed the objective function, the identiﬁcation proce-
dure is now a non-linear least-square problem and the function
is minimized using the Levenberg–Marquardt algorithm (Leven-
berg, 1944; Marquardt, 1963). With the introduction of a scalar
controlling the magnitude and direction of the iterations, the algo-
rithm calculates a search direction that is between the Gauss–
Newton direction and steepest descent direction and therefore
eliminates the disadvantages of the Gauss–Newton method espe-
cially in the proximity of the optimum solution. The needed Jaco-
bian matrix is calculated by the ﬁnite difference method by a
perturbation of each ak with an absolute value of 0.01. Since the
Levenberg–Marquardt algorithm is a gradient based algorithm,
the required number of simulations to reach the convergence is
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siderable value as compared to the generic algorithms where one
order of magnitude larger number of simulations is required. In or-
der to automate the whole inverse scheme, a MATLAB code is writ-
ten which starts ﬁnite element simulations in ABAQUS, reads the
outputs of the simulations by calling a Python script, compares
the results with the experimental measurements, builds and min-
imizes the objective function. The main framework of this scheme
can be seen in Fig. 4.
As mentioned before the scope of this study is to identify the
planar anisotropy of the sheet metals, rather than the hardening
behavior. Therefore it is assumed that the ﬂow curve is known
and only the coefﬁcients ak are varied throughout the iterations.
However, it should be noted that when all of the 8 parameters
are varied simultaneously without any constraining equation, the
obtained yield loci do not necessarily reﬂect the yield stress of
the material designated by the ﬂow curve in rolling direction. In
the graphical representation, the predicted yield loci, at the hori-
zontal axis in stress space, do not assume the value of the yield
stress obtained in the rolling direction. In order to avoid this arti-
ﬁcial scaling of the ﬂow curve in rolling direction, following rela-
tion between the material parameters is obtained:
L011  L021
 8 þ 2L0021 þ L0011 8 þ 2L0011 þ L0021 8 ¼ 2; ð24Þ
or in terms of the ak,
2a1 þ a2
3


8
þ 2a3  2a4
3


8
þ 4a5  a6
3


8
¼ 2; ð25Þ
where the deﬁnition of the linear transformation functions L0 and L00
are presented by Barlat et al. (2003). By the help of this relation one
parameter becomes dependent to others and therefore only 7 of the
ak are varied in the parameter identiﬁcation scheme. As the initial
guess, all of the parameters are set to 1.0, having an isotropic mate-
rial at the beginning.6. Results and discussion
6.1. Numerical application
In order to study the applicability of the inverse parameter
identiﬁcation scheme, a numerical framework is constructed. In
this framework, ﬁrstly ﬁnite element simulations of the proposed
specimen modeled at 0, 45 and 90 to the rolling direction are
performed using the experimentally obtained Yld2000-2D param-
eters. The tool forces, tool displacements and principal strains on
the specimen are recorded at different increments as if they were
actual experimental results. The identiﬁcation scheme is then ap-
plied to obtain the ﬁctitious experiment results. Since the main
concern is the planar anisotropy of the sheet, the experimental
ﬂow curve of the material is used in all simulations and it is not
a part of the parameter identiﬁcation. Therefore only the 7 coefﬁ-Fig. 4. Framework of the inverse schemcients of the Yld2000-2D model are varied throughout the identiﬁ-
cation procedure.
With this numerical framework the results of the inverse
scheme are checked quantitatively by direct comparison with the
input values used for the numerical experiments. As obtained from
the early investigations mentioned in Section 5, a maximum tool
displacement of 4.0 mm is used in order to remain in the limits
of the experimental ﬂow curve. The numerical analysis is con-
ducted with 6 different cases and the results are tabulated in Table
2 in terms of the percentage errors of the predicted material
parameters and the results of these cases will be discussed next.
6.1.1. Case 1: specimen in 0 to rolling direction
This case results in maximum errors of 25% in the predicted al-
phas. This is because of the deformation state of the specimen in 0,
which is between the uniaxial tension and plane strain tension. In
the stress space this is the region around the x-axis of the yield lo-
cus in the ﬁrst quadrant that is also coincident with the rolling
direction. Hence, the provided information does not include any
information around the vertical axis in the ﬁrst quadrant. This lack
of information causes the optimization algorithm to ﬁnd a solution
that matches around the rolling direction and biaxial point but not
necessarily in the transverse direction. This fact shows itself clearly
when the identiﬁcation results are compared with the ﬁctitious
experiment results, as in Fig. 5(a). There is almost a one to one
match between the predicted and input yield loci between hori-
zontal axis and biaxial point, rb, whereas around the 90-tension
region there are discrepancies, as a result of the errors in alphas.
6.1.2. Case 2: specimen in 90 to rolling direction
The results with this specimen show a very similar tendency as
the case 1. Again, because of the supplied information in 90-ten-
sion region, a total match cannot be obtained for the whole ﬁrst
quadrant (Fig. 5(b)). The good prediction of the yield stress in roll-
ing direction is because of the dependency of the parameters
which is governed by the Eq. (25). It should be noted that although
the absolute value of this point is analytically correct, the slope at
that point and the predictions in the neighboring plane strain ten-
sion regions are quite unsatisfactory.
6.1.3. Case 3: specimens in 0 and 90 to rolling direction
simultaneously
This case is designed to overcome the disadvantages of the ﬁrst
two cases by combining them. Using the two specimens simulta-
neously means that at each iteration two simulations are per-
formed, one being in 0 and one in 90. After the simulations the
elements of the objective function for each case are formed and
they are scaled in such a way the contribution of the strains from
the two orientations equals the contribution of the forces of the
two cases and the contribution of the equi-biaxial point to form
the ﬁnal objective function. From the Table 2 it can be seen that
maximum errors in this case are two orders of magnitude smallere used for parameter identiﬁcation.
Table 2
Percentage errors of the obtained material parameters for six cases.
Case a1 a2 a3 a4 a5 a6 a7 a8
1: Specimen in 0 17.47 24.85 6.69 5.51 0.20 9.08 0.57 5.60
2: Specimen in 90 15.42 9.82 1.69 0.00 5.09 9.82 1.92 1.67
3: Specimens in 0 and 90 0.06 0.06 0.12 0.01 0.00 0.03 0.19 0.09
4: Specimen in 45 0.50 0.94 0.92 0.02 0.18 0.64 0.04 0.01
5: Specimen in 45 without contribution of strains 12.27 12.71 6.56 0.44 0.32 6.80 0.24 0.06
6: Specimen in 45 without contribution of rb 17.47 19.84 11.86 0.20 1.40 23.40 1.37 0.95
Fig. 5. Comparison of the predicted yield loci with the sought yield loci for the cases (a) specimen in 0 and (b) specimen in 90, (c) specimen in 45 – without the
contribution of the equibiaxial stresses in the objective function.
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maximum error of 0.2%. Hence, the enrichment of the information
supplied to the inverse scheme with two orientations enabled the
successful prediction of the material parameters.
6.1.4. Case 4: specimen in 45 to rolling direction
This case is analyzed to obtain a deformation state between the
ﬁrst two cases. It is seen that the maximum error is less than 1% of
the sought parameters. This is again the result of the supplied infor-
mation to the inverse scheme. It should be noted that in the conven-
tional characterization the coefﬁcients a7 and a8 are computed from
the uniaxial tension tests and therefore the predictions of this case
provides the best results for these two parameters among all cases.
6.1.5. Case 5: specimen in 45 to rolling direction without contribution
of strains
This case is performed in order to study the impact of the prin-
cipal strain ﬁeld in the deﬁnition of the objective function. There-fore, in this case the principal strains are not included in the
objective function. In other words, the whole inverse scheme is
based on the force–displacement curve and the biaxial point. The
specimen in 45 is used as it proved itself as a suitable orientation
in the latter case. The maximum error in this case rises up to 13%.
The direct comparison of the case 4 and 5 shows that the strain
ﬁeld on the specimen provides information about the planar
anisotropy which helps to identify the material coefﬁcients to-
gether with the tool forces.6.1.6. Case 6: specimen in 45 without contribution of equibiaxial
stress value, rb
This case is designed in order to study the effect of the equibi-
axial stress state in the deﬁnition of the objective function. Hence,
in this case the rb value is not included in the objective function.
The maximum error in material parameters in this case increases
to 23% as compared to case 4. It can be seen in Fig. 5(c) that the
equibiaxial point is not predicted correctly, as expected, with an
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vicinity of the equibiaxial point also affects the prediction in the
neighboring stress states.
The numerical analysis performed in this section does not in-
volve any experimental noise, any violation of the assumptions like
kinematic hardening or any other aspect that may arise in the
experiments, building an ideal environment for characterization.
For that reason the objective function takes the exact value zero,
when the characterization is successful. Hence, the errors obtained
in cases 1, 2, 5 and 6 would be more dominant in actual experi-
ments. However, one to one correlation between the predicted
material parameters and the provided information about the plas-
tic behavior remains the same. The analysis has shown clearly that
it should not be expected from the inverse scheme to ﬁnd a solu-
tion that covers the regions where no input is supplied. The last
two cases present also the importance of the strain distribution
and biaxial stress state for the characterization of the anisotropy
coefﬁcients.
6.2. Experimental application
The outcomes of the previous section will be applied experi-
mentally in this section. For that reason specimens with the
decided geometry are prepared as seen in the Fig. 6(a). In order
to measure the strains on the specimen, digital image correlation
method is used. Therefore a stochastic pattern is sprayed on each
specimen in order to be able to track the material points with
the gray level analysis in the photos taken by digital cameras dur-
ing the experiment with 1 Hz frequency. The whole optical mea-
surement region is divided into facets having 1 mm edge length.
The tests are performed on a universal tensile testing machine with
a tool speed of 1.0 mm/min leading to quasi-static forming rates.
The specimen geometry is modeled with 720 fully integrated
shell elements in ABAQUS-Explicit. Due to the symmetry, only
one half of the geometry is modeled (Fig. 6(b)). As in the previous
analyses, the tool displacement is set as 4.0 mm to remain in the
limits of the experimental ﬂow curve. Since the ﬂow curve is
known, only the material parameters of the Yld2000-2D model
are varied. The relation in Eq. (25) is also used here and only 7 of
the free parameters are varied. The exponent a of the yield function
is taken to be equal to 8.0. As in the previous section, all the param-
eters are set to 1.0 for the initial guess and the two successful cases
in Section 6.1, case 3 and case 4, are applied in the experimental
characterization.
The obtained yield loci with the two cases can be seen in Fig. 7,
together with the numerical values of the material parameters pre-
sented in Table 3. For comparison, yield locus which is obtained
conventionally from the tension tests and layer compression testsFig. 6. (a) Specimen with the stochastic pattern, (b) geometry ofare also plotted. The difference between the absolute stress values
is in both cases less than 5%. There are some dissimilarities in the
slopes that can be observed around the plane strain tension re-
gions. However, both cases can predict the initial anisotropy of
the material. It should be noted that the utilized inverse scheme
does not take the r-values or the yield stress of the material at dif-
ferent orientations as input. Nevertheless the yield stress in 90 or
the slopes of the yield locus at the axes, which eventually reﬂect
the r-values, are predicted correctly.
The comparison of the force–displacement curves of the exper-
iments and ﬁnite element simulations is presented in Fig. 8. In both
cases the numerical force predictions are higher than the experi-
mental forces. Among all, the maximum difference occurs in the
case of the 45 specimen, with a maximum difference of 10%.
The deviations are even lower with the other case utilizing speci-
mens in 0 and 90. The force–displacement curves are directly re-
lated to the hardening behavior of the material. Hence, the
difference in the force values can be due to the assumption of iso-
tropic hardening in this study. The kinematic or distortional hard-
ening behavior is not included in the characterization scheme. In
reality the changes in the straining path during the experiments,
which is the case for this specimen, can lead to different stress
states and therefore to different force values.
The major strain distributions from the ﬁnite element simula-
tions and experiments at a tool displacement of 4 mm can be seen
in Fig. 9 for each specimen orientation. The distribution of the
strains in both cases is in accordance with the experiments. The
values show some discrepancies especially on the outer edge at
the horizontal symmetry axis. The numerical results in those re-
gions are larger than the measurements in all orientations. How-
ever it should be noted that the optical measurements do not
supply information in the vicinity of the free edges because of lack
of material points and therefore it is not possible to compare the
results on the outer edge.
The ﬁgures in this section are actually visual interpretations of
the objective function that is used in the characterization, which is
composed of the strain distributions, tool forces and equi-biaxial
stress. Since no relative weighting between these elements are ap-
plied, the inverse scheme tries to ﬁnd a global minimum by consid-
ering each element equally. Hence the reached solution satisﬁes
each condition equally as presented in the ﬁgures.
6.3. Experimental veriﬁcation
A representative car hood geometry, which is scaled to a smaller
size, is used for verifying the obtained Yld2000-2D parameters
(Fig. 10(a)). This geometry, which represents an industrial product,
has side walls that ﬂow through the drawbeads and builds a com-the selected specimen and the ﬁnite element discretization.
Fig. 7. Comparison of conventionally and inversely obtained yield loci (a) with the specimen in 0 (case 4) and (b) with the specimens in 0 and 90 (case 3).
Table 3
Material parameters obtained with the conventional and inverse methods.
Method a1 a2 a3 a4 a5 a6 a7 a8
Conventional ﬁt 0.979 0.998 0.885 1.008 1.001 0.965 0.953 1.242
Specimen in 45 0.973 1.008 0.980 1.010 0.986 0.904 0.960 1.142
Specimens in 0 and 90 0.977 0.977 0.987 1.020 0.989 0.900 0.981 1.114
Fig. 8. Experimental and numerical tool force – displacement diagrams for three orientations.
Fig. 9. Comparison of the experimentally and numerically obtained major strain distributions at a tool displacement of 4.0 mm for the three orientations.
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Fig. 10. (a) Scaled car hood geometry, (b) applied grid on the sheet surface, (c) Yield locus of AA6016-T4 according to Hill´48 and Yld2000-2D material models.
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identical charge used for the characterization section having the
rolling direction along the short side of the hood geometry. In
the experiments a blankholder force of 450 kN is used and the
punch displacement is set to 130 mm. The strains on the outer sur-Fig. 11. The comparison of the thicknesses from the simulation resultsface of the ﬁnal product are measured optically with the optical
forming analysis tool, ARGUS System of the company GOM. A grid
of circular dots is applied to the blank with an initial spacing of
2 mm by printing (Fig. 10(b)). These dots undergo the same defor-
mation of the sheet and therefore the spacing of the dots is chan-and the experimental measurements along two different sections.
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pictures of the hood by a CCD camera from different angles. The 3D
positions of the centers of these dots are obtained using photo-
grammetric algorithms which leads to the strain tensor on the
sheet surface (Schneider et al., 2008).
The problem is simulated with LS-Dyna using 16000 shell ele-
ments with adaptive remeshing. Besides the Yld2000-2D model
the Hill´48 model is also included in the analyses since the model
is still in use as a basic model for anisotropic sheets. The yield loci
of the material are shown in Fig. 10(c) with respect to the two yield
conditions. At the equi-biaxial stress state, the two yield loci di-
verge from each other, since Hill’48 does not consider this stress
state in the identiﬁcation of the parameters.
The results of the optical measurement are compared with the
numerical results (see Fig. 11) by taking two different sections as
the references. The ﬁrst section cuts the workpiece diagonally
and the second section goes through the rear side wall at the half
height. For comparison, the thickness distributions are presented
here which are calculated from the major and minor strains
assuming volume constancy.
Because of the large dimensions of the workpiece, strain mea-
surements on the whole workpiece are performed by dividing the
geometry in sub-sections. The gaps that are found in the ﬁgure
are caused by the measurement gaps between these sections. Both
models predict similar thicknesses where moderate deformations
occur. It can be seen that, the plastic behavior of AA6016-T4 is over-
simpliﬁed by the Hill’48 model as expected. The thicknesses in the
corner regions of the geometry predicted by this model are 12%
lower than the actualmeasurements. On the other hand, the predic-
tions of the Yld2000-2D model tend to be closer to the measured
thicknesses. The two yield loci differ from each other especially
around the equi-biaxial tension state. This stress state is observed
around the corner of the hood geometry where the sheet is
stretched in two principal directions. The Hill’48 model predicts
more thinning around these regions since the needed stresses for
the plastic ﬂow are lower compared to the Yld2000-2D model.
7. Conclusion
The appropriateness of the utilization of strain distributions for
identifying the planar anisotropy is analyzed in this work. The uti-
lization of an optically measured strain ﬁeld together with the con-
ventionally used integral measures such as force and displacement,
improves the quality of the supplied information for an inverse
parameter identiﬁcation of planar anisotropy. Although it takes
longer computation times, it is shown that, the usage of simulta-
neous experiments is possible and meaningful, if there are signiﬁ-
cant changes of material properties along different orientations.
Since the ﬂexibility of the used yield condition is an important is-
sue, Yld2000-2D model is also implemented and used in this study.
More complex yield functions that have more material parameters
should be tested within this framework. The kinematic hardening
is assumed to be neglected through this study. Consequently the
current method cannot give accurate results, if the considered
material shows a pronounced anisotropic hardening behavior. In
such a case, the obtained solution would represent an average be-
tween the initial yield locus and subsequent yield loci. Therefore
the proposed method has to be further developed in order to in-
clude isotropic-kinematic hardening models.
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